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ABSTRACT
Articular cartilage is a connective tissue covering the ends of the
long bones. If the articular cartilage degenerates, as in osteoarthri-
tis, it leads to a painful joint disorder. The early osteoarthritis is
rarely diagnosed as the articular cartilage has no nerves to sense
the pain. Only advanced osteoarthritis is frequently diagnosed
by X-ray imaging and by using visual evaluation during invasive
arthroscopy.
During the last ten years, optical reflectance measurements have
been studied to overcome the problem of subjective nature of the vi-
sual evaluation. The reflectance has been found to relate with the
cartilage integrity, thickness and healing. In the present study, we
examine in vitro spontaneously degenerated human and mechani-
cally and enzymatically degenerated bovine articular cartilage. In
addition, we explore the possibility to use the intrinsic fluorescence
of the cartilage as an indicator of the cartilage biochemical compo-
sition. The optical data is analyzed by using CIELAB color space,
principal component analysis and linear regression.
This study presents statistically significant relations between the
optical spectral reflectance and fluorescence of articular cartilage,
and the structure, composition and mechanical properties of artic-
ular cartilage. The results suggest that the optical methods may be
applicable, when further developed, in arthroscopy for evaluating
and visualizing the cartilage integrity.
Universal Decimal Classification: 535.3, 535.33, 535.372
National Library of Medicine Classification: QT 36, WE 300
PACS Classification: 78.40.Me, 42.30.-d, 87.64.kv
Library of Congress Subject Headings: Articular cartilage; Degeneration
(Pathology); Optical measurements; Diagnostic imaging; Spectrum anal-
ysis; Spectral reflectance; Fluorescence
Yleinen suomalainen asiasanasto: nivelrusto; optiset ominaisuudet; spekt-
rikuvaus; spektrianalyysi; heijastuminen; fluoresenssi
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1 INTRODUCTION
Articular cartilage is avascular [12], collagen-rich tissue covering
the ends of the long bones [13]. Mechanical properties of the carti-
lage enable the smooth operation of joints under loading [13] mak-
ing our locomotion easy. In articular cartilage, interstitial water
covers most of the total tissue weight [14]. Movement of water
is limited by the solid matrix, a fibrous network of collagen with
negatively charged proteoglycans attached. The collagen network
orientates parallel to the articular surface in the superficial tissue,
is more random in the middle zone, and turn perpendicular to the
cartilage-subchondral bone interface in the deep tissue [14]. Me-
chanical properties of articular cartilage are a result of the interac-
tion of the collagen network, proteoglycans and water [15]. More-
over, the mechanical strength of cartilage is controlled by the intra-
and intermolecular cross-linking of collagen molecules.
The most common joint disease, osteoarthritis (OA) [16], is char-
acterized by the degenerative changes in articular cartilage. At the
early state OA, the collagen content of the articular cartilage may
be reduced [17], collagen network organization changes [12, 17–19]
and the superficial proteoglycans are depleted [12, 17, 20–22]. Si-
multaneously, stiffness of articular cartilage decreases [23,24] when
the surface roughness increases [25] leading to wear out of the carti-
lage and exposure of the subchondral bone. A healthy cartilage will
remain its functionality through human lifetime [12], but several
factors can compromise cartilage and eventually lead to cartilage
breakdown. Abnormal stress, such as that related to obesity [26,27]
or mechanical trauma [28, 29], as well as metabolic [30] and aging
related tissue changes [31,32] can lead to biophysical and -chemical
changes charasteristic to OA-cartilage [33].
As the articular cartilage is aneural [13], the patient feels no
pain in early OA. Therefore, disease in early stage is mostly not
diagnosed. The advanced OA is frequently diagnosed by X-ray
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imaging, revealed as narrowing of joint space, and by a visual eval-
uation of cartilage during invasive arthroscopy. Recently, the thick-
ness dependent color changes of articular cartilage [34, 35], their
association to healing after cartilage repair [36, 37] and to histolog-
ical tissue structure [38] have been studied in order to make the
arthroscopic examination more quantitative.
Evaluation of cartilage thickness [34,35] is based on the light ab-
sorption by the blood of the subchondral bone which affects the re-
flectance more when the cartilage becomes thinner. The method can
be feasible when the thickness is below 1.5 mm. The studies related
to the follow-up of the cartilage repair were conducted on rabbits by
either removing and inserting a plug of cartilage (mosaicplasty) [36]
or removing the cartilage and drilling small holes through the sub-
chondral bone (microfracture) [37]. The study, which relates the
optical changes to the histology [38], was conducted to human spec-
imens from total knee arthroplasty. The earlier studies, in general,
concern cases when the cartilage is clearly abnormal, but the effect
of early signs of OA or superficial degeneration of articular carti-
lage on the optical spectrum have not been studied.
In the paper I, surface of bovine articular cartilage was me-
chanically degraded and the visibility of the grinding marks was
improved by using spectral analysis. Further, the same paper ad-
dresses changes in spectral reflectance when bovine samples were
exposed to enzymatic treatment, digesting the collagen network
and leading to depletion of superficial proteoglycans. The paper
II explores the spectral properties of human articular cartilage, es-
pecially as related to tissue structure, composition and mechanical
properties.
In this thesis another focus is the cross-link molecules of col-
lagen in articular cartilage. They are known to affect the cartilage
strength in compression [39]. In addition to the natural cross-links,
long lifetime (half-life over 100 years [40]) of collagen in adult ar-
ticular cartilage enables advanced glycation end products (AGEs)
to accumulate in the tissue and act as cross-links [41]. Diseases
like diabetes mellitus further accelerate the AGE accumulation [42].
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Because excessive cross-linking can make cartilage to be more brit-
tle [43–45], it is speculated to be a risk factor for development of
OA [44]. It can make the cartilage more vulnerable to injury when
the joint is loaded [39].
The high-performance liquid chromatography (HPLC) has been
traditionally used for the quantification of cross-link concentrations
[46] by their natural fluorescence [32,44,47–49]. However, the HPLC
analysis is destructive and thus not feasible for in situ or in vivo
measurements. In the paper III, we analyse how the cross-links
fluorescence can be assessed in intact cartilage. For that, bovine
articular cartilage was treated using threose in order to generate
AGE compounds. Finally, the same group of samples was used
in paper IV where the spectral reflectance changes were related to
cross-link concentrations.
This doctoral thesis is divided into nine sections. After intro-
duction, section 2 covers the properties of articular cartilage, as ad-
dressed in the papers I – IV. Section 3 is the corresponding section
for the reflectance and fluorescence followed by the separate section
concerning articular cartilage structural, biochemical and mechani-
cal properties (Section 4). After highlighting the aims of the present
doctoral studies in Section 5, all the used materials and methods are
presented in Section 6. The published and earlier unpublished re-
sults are aggregated in Section 7 and discussed in Section 8. The
final section, conclusions, reverts to the aims and how they were
achieved.
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2 ARTICULAR CARTI-
LAGE
2.1 STRUCTURE AND COMPOSITION
Articular cartilage is formed mainly by water (70 – 90 %) [24], type
II collagen (10 – 20 %) [14] and proteoglycans (5 – 10 %) [50]. The
fibril network is mainly formed of type II, with minor contributions
from IX and XI collagens (Figure 2.1) [51]. Together with negatively
charged proteoglycans, the tissue binds the water. The proteogly-
cans form proteoglycan aggregates with hyaluronic acid [14].
Pyridinoline
cross-linking
Cross-linking
Type II
collagen
Type XI
collagen
Type IX
collagen
COLLAGEN
FIBRIL
CROSS-LINKING
OF COLLAGEN
Hyaluronic
acid
Proteoglycan
aggrecan molecule
Figure 2.1: The collagen fibril structure [33,52] and details of collagen fibres cross-linking
with pyridinoline [52] and other cross-link such as advanced glycation end products.
The cartilage can be separated in four layers (Figure 2.2). Clos-
est to the bone is a thin layer of calcified cartilage (calcified zone)
where the fibril network is attached perpendicularly. The perpen-
dicular layer is named the deep zone (or radial zone). In the mid-
dle zone (or transition zone), the network is more randomly ori-
ented [53]. The fibril orientation turns parallel to the cartilage
surface in the superficial zone (or tangential zone). The nearby
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collagen molecules in mature articular cartilage are cross-linked
with hydroxylysyl pyridinoline (HP, or pyridinoline [54]) and ly-
syl pyridinoline (LP, or deoxypyridinoline [54]) ((Figure 2.1)). The
amount of cross-links affects the mechanical properties of the car-
tilage. During time, the cartilage is further cross-linked with ad-
vanced glycation end products (AGEs), such as pentosidine. Thick-
ness of articular cartilage is related to the weight and height of the
person [55, 56] as well as age [57] and lack of exercise [58]. The
thickness varies between different species [59], gender [56, 60] and
anatomical locations [61]. Typical cartilage thickness in the human
knee, depending on the location, is 1.9 – 4 mm [24, 56, 62] and in
bovine patella 1.6 – 1.9 mm [62,63]. In the paper I, histological sec-
tions were stained red with safranin-O [64], a compound attaching
specifically to glycosaminoglycans [65]. In the paper II, the amount
of cartilage uronic acid, a measure of proteoglycan content was de-
termined from the papain digest using optical absorption [66]. The
optical assessment of pentosidine and pyridinoline cross-links were
studied in the papers III and IV.
Superficial
10-20 %
Middle
40-60 %
Deep
30 %
Calcified
cartilageSubchondral bone
Tide mark
Collagen
fibrils
Figure 2.2: A schematic presentation of an intersection of an articular cartilage with its
zonal structure.
2.2 MECHANICAL PROPERTIES
Mechanical properties of articular cartilage are controlled by the
collagen network, proteoglycan aggrecans and interstitial water [13],
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and their interactions. The aggrecans, immobilized to the collagen
network, have fixed negative charge and thus the electrical forces
induces swelling pressure in the tissue. The tension of collagen
network, while intact, resists the swelling leading to a balanced
state [15].
Several mechanical models have been applied to model and
predict the unique biomechanical properties of articular cartilage
[67–72]. The early models considered the cartilage as an elastic
[67] or viscoelastic [68] material, and hence had limited applica-
tion potential. Commonly, the cartilage mechanical properties are
explained by using the linear isotropic biphasic model introduced
by Mow et al. at 1980 [69]. In that model, the cartilage is sepa-
rated into two phases: the incompressible, linearly elastic and non-
dissipative solid matrix, and incompressible and non-dissipative in-
terstitial fluid. The model is most applicable for analysis of static
forces in confined compression. The latest developments, e.g., a
fibril-network-reinforced biphasic model [72], can be used to realis-
tically simulate the cartilage behavior also under instantaneous or
dynamic forces.
When a static force is placed on the cartilage, the interstitial
water is pressurized and starts to move within and out from the
cartilage. The fluid flow is controlled by the structure and com-
position of the cartilage (collagen network and proteoglycans) as
well as electro-osmosis phenomenon originated from the negative
charges of the proteoglycans [73, 74]. Eventually, equilibrium be-
tween the external force in compression and electrostatic repulsion
of the proteoglycans, is reached [75]. Depending on the measure-
ment site, the typical equilibrium modulus for the healthy bovine
knee articular cartilage varies between 0.2 – 0.6 MPa [75] and can
be even higher.
While the static properties of the cartilage in compression are
mainly controlled by the proteoglycans [76], the dynamic compres-
sion [76, 77], shear [14] and tensile [13, 14] properties are strongly
controlled by the collagen network. The tensile strength and ten-
sile equilibriummodulus of articular cartilage are depth dependent.
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For the superficial layer of a human knee cartilage they are typically
in the range of 8 – 35 MPa and 10 – 25 MPa, respectively [78]. The
values for the tensile equilibrium modulus are smaller in the mid-
dle and deep zones [79]. The dynamic and static shear modulus are
especially affected by the superficial collagen network [80].
When a dynamic force is applied on articular cartilage, the com-
pression of the tissue is small [81]. The small compression arises
from the interstitial water which cannot easily flow out from the
cartilage under loading [82]. As a result, the fluid pressure in car-
tilage can carry more than 90 % of the applied load [82, 83]. De-
pending on the measurement site, the typical dynamic modulus for
the bovine knee articular cartilage varies between 2 – 17 MPa [75].
It has been found to decrease in cartilage degeneration [84]. In the
paper II, the dynamic compression modulus of articular cartilage
was found to correlate significantly with the parameters of optical
spectral reflectance.
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3 REFLECTANCE AND
FLUORESCENCE
The colors of the objects we see result from the light interacting
with materials and interpreted by the viewers’ visual system. At
the surface of two materials, with different refraction indexes, the
incident light is either reflected or transmitted. The portions of
reflection and transmission is defined by the refraction index and
the incident angle. If the material electrons (at the visible light)
can perform a energy state transition which corresponds to the en-
ergy of the incident light, the light can be absorbed by the ma-
terial. Such an excitation generally relaxes by thermal processes,
e.g., on a sunny day a strongly absorbing black asphalt is warmer
than a pale gray concrete. But the excitation can relax by emis-
sion of light with energy smaller than the incident light. The phe-
nomenon is known as photoluminescence. The photoluminescence
is divided into fluorescence, where the emission is immediate (gen-
erally < 10−8 s), and phosphorescence, glowing appreciable time af-
ter excitation [85]. The color, defined as reflectance, of the articular
cartilage is a mixture of the above processes; reflection, transmis-
sion, absorption and photoluminescence. The cartilage consists of
structural components with different refraction indexes and some
of them fluoresce. Moreover, the articular cartilage is bound to the
subchondral bone containing blood with strong absorption charac-
teristics. The following sections in this chapter cover the spectral
reflectance imaging and calculation of the color coordinates which
take into account the human observer. The last section introduces
an excitation-emission matrix representing the fluorescence.
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3.1 SPECTRAL IMAGE
The reflectance R(λ), at the wavelength λ, of a sample is the factor
of reflected light compared with the incident light. In addition, the
real measured data involves the offset of the detector which should
be subtracted. In this thesis, the reflectance is calculated as follows:
R(λ) =
Isample(λ)− Idark(λ)
Ire f erence(λ)− Idark(λ)
, (3.1)
where Isample is the spectral power distribution of the reflected light,
Ire f erence is the spectral power distribution of the illumination re-
flected from the perfect reflecting diffuser and Idark is the detector
dark signal.
In spectral image the reflectance R is presented, not only in re-
spect to the wavelength λ, but also in respect to the spatial coor-
dinates x and y leading to R(x, y,λ). When the image is captured
from an object (Figure 3.1), the spectral image allows viewing the
object data within any single narrow wavelength band (i.e., under
narrow band illumination) or performing spectral-based analysis
and pattern recognition.
Figure 3.1: The spectral image with a large number of spectral channels (left) presenting
the bovine articular cartilage at different wavelengths. On the right, a mean spectrum
from the center area of the sample before and after enzyme treatment is presented.
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3.2 CIELAB COLOR COORDINATES
The color of the sample for a given reflectance can be calculated
under arbitrary illumination. In this thesis only D65 illumination,
a standard illumination representing typical daylight and defined
by the Commission internationale de l’éclairage (CIE), is used [86].
The CIE has also defined standard observers representing the sen-
sitivities of the human eye. The CIE1931 standard observer (Figure
3.2) was used in this thesis.
400 450 500 550 600 650 700 750
0
0.5
1
1.5
2
Wavelength [nm]
Ar
b.
 u
ni
ts
 
 
x¯
y¯
z¯
Figure 3.2: Sensitivity curves (x¯, y¯ and z¯) of CIE1931 standard observer [87].
The CIELAB color coordinate system (L∗, a∗, b∗) is a three di-
mensional color space where the first value L∗ (scaled 0–100) rep-
resents the brightness of the object color. The other coordinates, a∗
and b∗, represents the redness/greenness (+/- values) and yellow-
ness/blueness (+/- values), respectively. The coordinate system is
developed to equalize color differences in Euclidean distance but
since it is well defined, it has been successfully tested for color
changes in general. In this thesis, it has been used for analyzing the
changes in cartilage color during degeneration.
Before the CIELAB color coordinates can be calculated, the mea-
sured discrete reflectance spectra needs to be projected to the XYZ
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color-matching space [86]:
X = k∑
λ
S(λ)R(λ)x¯(λ)∆λ (3.2)
Y = k∑
λ
S(λ)R(λ)y¯(λ)∆λ (3.3)
Z = k∑
λ
S(λ)R(λ)z¯(λ)∆λ, (3.4)
where S(λ) is the discrete spectral power distribution of the chosen
illumination and x¯(λ), y¯(λ) and z¯(λ) are the discrete presentation
of the color-matching functions [86] of the standard observer.
The k is a scaling factor defined as
k =
100
∑λ S(λ)y¯(λ)
, (3.5)
with a purpose to scale the Y value of 100 for the perfect reflecting
diffuser.
The CIELAB color coordinates can be calculated from the XYZ-
values using the nonlinear equations [86]
L∗ =

 116
(
Y
Yn
) 1
3
− 16, if YYn > 0.008856
903.3
(
Y
Yn
)
, if YYn < 0.008856
(3.6)
a∗ = 500
[(
X
Xn
) 1
3
−
(
Y
Yn
) 1
3
]
(3.7)
b∗ = 200
[(
Y
Yn
) 1
3
−
(
Z
Zn
) 1
3
]
, (3.8)
where Xn, Yn and Zn denote the tristimulus values of the illumi-
nation. Equations (3.7) and (3.8) are valid when X/Xn, Y/Yn and
Z/Zn are all greater than 0.008856. Otherwise the cube-root in the
equation (Eq.(3.6), Eq.(3.7) or Eq.(3.8)) is replaced by:
(
a
an
) 1
3
→
[
7.787
(
a
an
)
+ 16/116
]
, (3.9)
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where a is either X, Y or Z [86].
The color difference, ∆E∗ab, between two colors in CIELAB coor-
dinate system is defined as
∆E∗ab =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2. (3.10)
Although the XYZ and the CIELAB spaces are useful and easy
to understand, such low dimension spaces are a subject of metame-
rism [88]. The metamerism is a phenomenon when the projection
from the spectral space to low dimensional space is not unique but
in general case infinite amount of spectra can be found to present
the same XYZ coordinates. Consequently, the analysis in spec-
tral space can separate metameric spectra even when the XYZ or
CIELAB coordinates are equal.
3.3 EXCITATION-EMISSION MATRIX
Excitation-emission matrix (EEM) measurement enables a finding
of optimal excitation and emission wavelengths for the sample. The
EEM is measured by scanning a narrow peak of excitation light
to the sample, and detecting the whole spectrum of emitted light
at each excitation. When the EEM of sample is compared with
the EEM of identically irradiated and measured perfect reflecting
diffuser, and the emission (and excitation) bandpass equals 1 nm,
the EEM values are named bispectral luminescent radiance factors
[89]. In this thesis, the changes in wet weight (w.w.) normalized
EEMs of the bovine articular cartilage (Figure 3.3) were measured
to evaluate their relationships with the biochemical composition of
cartilage.
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Figure 3.3: An excitation-emission matrix of the articular cartilage in bovine patella. The
bispectral luminescent radiance factor is normalized by the sample wet weight (Emission
per w.w.).
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4 Optical properties of artic-
ular cartilage
Articular cartilage, like most biological tissues [90], is highly for-
ward scattering media [91]. The absorption is small at the wave-
lengths above 600 nm [91, 92] and increases when going towards
340 nm [92]. In a thin cartilage, the blood within the subchon-
dral bone can introduce clear absorption characteristics in the re-
flectance spectrum. Based on those characteristics, Öberg et al. [34]
presented a method to optically assess the thickness of cartilage in
a bovine hip joint. The approach was further developed and the op-
tical evaluation of cartilage thickness was validated for the imaging
cartilage lesions of human knee joint [35]. The measurement was
found to be applicable to cartilage with thickness less than 1.5 mm.
The CIELAB color coordinate system, presented in Section 3.2,
has been used to evaluate the cartilage degeneration [38] and the
changes after cartilage repair [36, 37]. Ishimoto et al. [38] demon-
strated significant changes in the L∗- and a∗-coordinates, and in a
ratio between the reflectances at 580 / 680 nm for cartilage lesions.
These optical changes corresponded to variations in Mankin scor-
ing (a histological grade for cartilage integrity). The L∗ and ratio
580 / 680 nm decreased in cartilage degeneration whereas the a∗
increased.
In the autologous osteochondral grafting experiment [36], a full
thickness osteochondral plug from a white rabbit knee was har-
vested and placed onto a lesion site. Hattori et al. showed that
CIELAB L∗- and a∗ -coordinates could be useful to monitor the
success of autologous osteochondral grafting [36]. The microfrac-
ture experiment [37] included a removal of cartilage and drilling
of small holes in the subchondral bone in order to generate new
cartilage from the stem cells [93]. All the CIELAB coordinates were
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changed in cartilage after microfracture [37].
Articular cartilage is not only scattering and absorbing media. It
is a composite of multiple fluorescent materials (Table 4.1). The age-
independent pyridinoline cross-links [94, 95], as well as cartilage-
specific compound, 2,6-dimethyldifuro-8-pyrone (DDP) [96,97], both
emit fluorescence at wavelength 395 nm. The age-related cross-
link pentosidine [49] emits at slightly shorter wavelengths (385 nm)
and other AGE-products [32,44,48] are generally detected at longer
wavelengths (460 nm). In addition, Richards-Kortum et al. [98] have
reported four fluorescence maxima for powdered bovine collagen.
Time-resolved fluorescence detection has also been studied [99,100].
Then the fluorescence lifetimes between the healthy and diseased
articular cartilage were found to be different.
Table 4.1: The excitation (Ex.) and emission (Em.) wavelengths of fluorescence maxima in
articular cartilage. U / I represents the unidentified fluorescence of bovine collagen powder.
X
X
X
X
X
X
X
X
X
X
X
X
Ex. [nm]
Em. [nm]
310 385 – 390 395 – 400 460 530
265 U / I [98]
280 U / I [98]
297 Pyridinoline,
pH < 4.6 [94]
306 DDP [96]
325 Pyridinoline,
pH > 4.6 [94, 95]
330 U / I [98]
335 Pentosidine [49]
360 AGE [32,44, 48]
450 U / I [98]
Even though the maxima of the fluorescent components are not
located within the same excitation and emission wavelengths (Ta-
ble 4.1), the fluorescence of the components is mixed. The spectral
width of the emission and excitation peaks are typically tens of
nanometers. For example with hydroxylysyl pyridinoline, the fluo-
rescence is excited from 300 nm to over 340 nm and emitted from
360 nm to over 440 nm (Figure 4.1).
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Figure 4.1: The fluorescence excitation and emission curves of hydroxylysyl pyridinoline.
Adapted from [94].
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5 AIMS OF THE STUDY
In this doctoral thesis, the feasibility for optical evaluation of struc-
ture, composition and mechanical properties of articular cartilage
tissue is investigated. In addition to inclusion of cartilage samples
with spontaneous degeneration, samples are exposed to different
mechanical and enzymatic treatments which simulate spontaneous
degeneration processes.
The aims of this doctoral thesis are:
1. to evaluate how the optical parameters can be related to carti-
lage structure in tissue degeneration. The irregularities in the
cartilage surface are also studied. (structure)
2. to test whether the non-destructive reflectance measurement
enables assessment the articular cartilage proteoglycan con-
tent. (composition)
3. to test whether reflectance or fluorescence measurements en-
able assessment the articular cartilage cross-links non-destruc-
tively. (composition)
4. to explore how the changes in reflectance are related to changes
in collagen network and dynamic modulus of articular carti-
lage. (mechanical properties)
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6 MATERIALS AND
METHODS
6.1 SAMPLE PREPARATION AND ENZYMATIC PROCESSING
In this thesis, both human and bovine articular cartilage samples
(Figure 6.1) were studied by using several optical and non-optical
methods (Table 6.1). In the paper I, the samples were extracted
from a bovine knee; the upper lateral quadrant of the patella and
medial condyle of the femur. The paper II includes human cartilage
samples from medial and lateral condyles of the femur, femoral
groove, and lateral and medial plateau of tibia. Papers III and
IV both consist of samples from the upper lateral quadrant of the
bovine patella.
Tibia
rotate
Patella
Lateral condyle
Medial tibial
plateau
Lateral tibial
plateau
Medial condyle
Femoral groove
Femur
HUMAN
Upper lateral
quadrant
BOVINE
Medial condyle
Figure 6.1: The anatomical locations for samples in the knee joint.
All the bovine knee joints were obtained from the local abattoir
(Atria Oyj, Kuopio, Finland). After drilling out, the osteochondral
samples (d = 16 mm in paper I and d = 25 mm in the papers III and
IV) were kept moist with phosphate-buffered saline (PBS). More-
over, in papers III and IV the extra subchondral bone in samples
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Table 6.1: The used methods for analysis of articular cartilage structure, composition and
mechanical properties. The methods are introduced in this chapter.
Object of the study Cartilage Ref. method Optical method Paper
STRUCTURE structure in general human Mankin score CIELAB, PCA II
surface irregularity bovine microscopy PCA I
COMPOSITION collagen network bovine histology CIELAB, PCA I
collagen content bovine microassay - III, IV
proteoglycans human uronic acid CIELAB, PCA II
cross-links bovine HPLC Fluor. , Refl. III, IV
MECHANICAL thickness bovine microscopy CIELAB, PCA I,III
PROPERTIES human microscopy CIELAB, PCA II
dynamic modulus human mech. testing CIELAB, PCA II
was removed. Finally, smaller cylindrical samples (d = 6 mm) were
removed from the original disc.
The human samples (n = 65) were harvested from human ca-
daver knees (n = 13, age 25 – 77 years) in Jyväskylä Central Hospi-
tal, Jyväskylä, Finland (permission 1781/32/200/01, National Au-
thority of Medicolegal Affairs, Helsinki, Finland) [62, 101, 102]. The
samples (d = 16 mm) were cut to pieces and optical measurements
were conducted to smaller sectors (1 / 4 or 1 / 2) isolated from the
cylinders.
The bovine samples were treated in multiple ways. In the paper
I, the samples were digested with collagenase enzyme (111 U/ml,
collagenase type 1a, C9891, Sigma Aldrich, St. Louis, Missouri)
for 6 or 15 hours. The collagenase is known to digest the collagen
network [103]. Some of the samples were ground with emery pa-
per (P60 grit, 269 µm particle size, KWH Mirka Ltd, Finland) two
times with 90 degree angles in order to induce superficial defects
in cartilage.
In the papers III and IV, the bovine articular cartilage samples
were treated with threose for cross-link formation [44]. The control
samples (n = 12) were immersed in cell culture medium (DMEM
low glucose 1 g/l, without phenol red, Sigma Aldrich Co., St. Louis,
MO, USA), with 100 U/ml penicillin, 100 µg/ml streptomycin, 10
mM HEPES buffer solution, 1 mM L-glutamine (EuroClone S.p.A.,
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Milan, Italy) and 70 µg/ml vitamin C (Sigma Aldrich Co.). For the
threose treated samples, 100 mM of L-threose (Sigma Aldrich Co.)
was added to the liquid. The samples were incubated in 5% CO2 /
95% air atmosphere at 37 oC. The incubation time for control sam-
ples (n = 12) and 12 samples with threose was 40 h, and 100 h for
six samples with threose treatment. In the paper IV, the reflectance
spectral imaging was executed during the incubation by remov-
ing the samples after every five hours from the incubator during
the first 40 hours. After incubation all the samples were changed
into fresh control liquid (the same as the control incubation liquid)
and frozen (-20 oC) until the fluorescence measurements were con-
ducted (paper III).
6.2 BISPECTROMETER MEASUREMENTS
A bispectrometer (Figure 6.2) was used for measurement of the
excitation-emission matrices (EEMs). In the system, the narrow-
band excitation (range: 220 – 950 nm, bandwidth: 5 nm) of the
fluorescence was achieved by monochromator (DTMc300, Bentham
Instruments Ltd., Berkshire, United Kingdom) which filters out the
unnecessary light from the polychromatic xenon arc light (Oriel M-
66923 housing, Newport Corporation, Irvine, California, and Os-
ram XBO 450 W/4 bulb, Osram AG, Winterthur, Switzerland). The
sample was illuminated in the normal angle and detected in 45 o
angle by a fiber spectrograph (range: 190 – 950 nm, PMA-12, Hama-
matsu Photonics K.K., Hamamatsu City, Japan).
The bovine samples were prepared and treated in Kuopio. The
bispectrometer was located in Joensuu (distance 150 km) and the
samples were frozen before the bispectrometer measurements. The
samples were thawed just before the measurement and they were
placed on top of an ultraviolet fused silica plate that was facing
down on a droplet of the control liquid. The EEM measurement
(approximately 10 min / sample) was conducted from below (Fig-
ure 6.2).
The EEM of the control liquid was subtracted from the sample
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Figure 6.2: The bispectrometer setup for excitation-emission matrix measurements.
Adapted from paper IV.
EEM. An EEM of non-fluorescent reference material (SRS-02-010,
Labsphere, Inc., North Sutton, New Hampshire) was measured se-
quentially along the samples (on identical silica plate as the sample,
without the control liquid). The reference measurement was used
for compensating the spectral and temporal changes of light source,
and to calculate the bispectral radiance factor [89]. The data was
analyzed using MATLAB (R2010a, MathWorks Inc., Natick, Mas-
sachusetts).
6.3 SPECTRAL CAMERA MEASUREMENTS
The spectral camera was used in papers I, II and IV for capturing
the spectral image of sample reflectance. In the papers I and II the
camera covered spectral range 420 – 720 nm with 7-nm sampling
(Nuance liquid crystal tunable filter (LCTF) spectral camera model
N-MSI-420-10, Cambridge Research & Instrumentation, Woburn,
Massachusetts). The sample, immersed in PBS, was illuminated by
a 50-W halogen light (Accentline 50W GU5.3 12V 36D 1CT, Konin-
klijke Philips Electronics N.V., Amsterdam, Netherlands) driven by
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a mixed-mode-regulated precision laboratory power supply (EX
1810 R, Thurlby Thandar Instruments Ltd., Huntingdon, United
Kingdom) in 45 o angle through a glass window of a custom-made
sample container (Figure 6.3 A). The sample was replaced with
white reference material (ODM98, Gigahertz-Optik GmbH, Ger-
many) in the identical position for the reference measurement needed
for solving the equation 3.1. The data was acquired using optimal
integration times for each measured channel with the camera soft-
ware (Nuance 1.6.8.2).
SAMPLE
IN 
LIQUID
LCTF
CAMERA
OPTICAL
FIBER
HALOGEN 
LAMP
WHITE
REFERENCE
A) Setup in papers I and II B) Setup in the paper IV
Figure 6.3: The spectral cameras and their setups for reflectance spectral image acquisition
in papers I, II and IV. The cameras are Nuance VIS (A) and Nuance EX (B)
In the paper IV the camera in use covered a range 450 – 950
nm with 10-nm sampling (Nuance LCTF camera, model EX, Cam-
bridge Research & Instrumentation). The sample, immersed in cell
culture medium (see Section 6.1 for details) was imaged in the nor-
mal angle and illuminated in a near 45 o angle by Schott DCR III
(Schott AG, Germany) halogen lamp accompanied with an optical
fiber (Figure 6.3 B). The illumination and detection of the sample
and white reference material (ODM98) was realized through a win-
dow in the plastic lid of the 24-well ComboPlate (Greiner Bio-One
GmbH, Germany). The reference material was not immersed.
The further analysis of spectral images, from both systems, was
made with a custom-made MATLAB program (R2009b and R2010a,
MathWorks, Inc., Natick, Massachusetts).
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6.4 SPECTRAL DATA ANALYSIS
6.4.1 Principal component analysis
A ordered set of spectra R from a spectral image with n number of
wavelengths λ and spatial resolution x× y is
R =


R11(λ1) · · · Rxy(λ1)
...
. . .
...
R11(λn) · · · Rxy(λn)

 . (6.1)
The principal component analysis (PCA) for the matrix R can
be calculated as follows. The correlation matrix C, size n× n, of the
R is defined as
C =
1
x× y
RRT. (6.2)
Eigenvectors Φ of C are solutions of the equation
CΦ = σΦ (6.3)
where σ is the diagonal matrix of C’s eigenvalues.
The eigenvectors span an orthonormal basis for the measured
spectra. The eigenvectors are sorted based on the corresponding
eigenvalue in descent order. If needed, the original data can be pre-
cisely reconstructed by a linear combination of eigenvectors [104].
If the number of eigenvectors is reduced from the end, the recon-
struction represents the most of the original data in the sense of
variance. In this thesis, the eigenvectors were used as a base where
the spectra were projected in order to find useful characteristics of
the data.
6.4.2 Regression analysis
Linear regression is a method used for predicting the values of a
dataset based on a training set, both separated from the same data.
The linear method is suitable for small training set and data with a
low signal-to-noise ratio [105].
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In a case of spectral matrix R, introduced in equation 6.1, the
linear regression model is
y = RTw + ǫ, (6.4)
where w is the transformation matrix, ǫ are the residuals between
the predictions RTw and the real values y. The y can be the thick-
ness of the cartilage or any parameter corresponding to the sample
were the spectrum is measured.
The most frequently used approach is the least square solution
[105] which minimizes the residual sum of squares in training data
minw||y− RTw||2. (6.5)
Formally, the least square solution for w is
w = (RRT)−1Ry (6.6)
which is used for calculating the predicted values yˆ
yˆ = RTw. (6.7)
6.5 MECHANICAL ANALYSIS
6.5.1 Thickness
Cartilage thickness was assessed using the dissecting microscope
[24] and the microscopic assessment of the histological section. In
the first method (paper III), the thickness was averaged from mul-
tiple measurements around the cylindrical cartilage plug using the
reading scale of the dissecting microscope. For the second method
(paper I), the cartilage plug was processed for microscopy and 3-
µm-thick sections, stained with safranin-O, were analyzed [64] (Fig-
ure 6.4). In both cases, the microscope was calibrated with a 1 mm
ruler.
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Figure 6.4: An example of the measurement of articular cartilage thickness using histolog-
ical sections of bovine patellar cartilage after mechanical degradation, or enzyme treatment
of 6 / 15 hours. The horizontal lines denote the cartilage surfaces [106].
6.5.2 Dynamic modulus
The dynamic modulus of cartilage samples (paper II) was mea-
sured in study by Kurkijärvi et al. [102] by using the unconfined
compression test [107]. Under 20 % offset compression, the sample
was dynamically loaded (1 Hz, 1 % strain, Figure 6.5). The dynamic
modulus is indicated as the ratio at the stress (force per area) and
strain (relative deformation under the stress) amplitudes.
6.6 BIO- AND HISTOCHEMICAL ANALYSIS
6.6.1 Mankin score
Histological structure of the human articular cartilage samples was
evaluated by using Mankin scoring [108], as determined by Qu et
al. [101]. The scores of the samples, presented in paper II, was
an average of three scores for blind-coded samples given by three
independent investigators. For the Mankin scoring, a piece of the
cartilage sample was fixed (4 % (w / v) formaldehyde in 0.07 M
sodium phosphate buffer, pH 7.0, for 48 hours at 4 oC), decalcified
(10 % EDTA (Riedel-de Haën, Seelze, Germany) in 4 % (w / v)
phosphate-buffered formaldehyde for 12 days) and the 3-µm-thick
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Figure 6.5: The dynamic modulus Edyn is defines as a ratio of the stress amplitude to
strain amplitude (= 1% of the static equilibrium displacement).
microscopic sections were prepared [101].
The Mankin scoring evaluated the cartilage within the scale 0 –
14 [108]. The evaluation includes four categories (Table 6.2): struc-
ture, cells, safranin-O staining and tidemark integrity (border be-
tween deep zone cartilage and calcified cartilage next to subchon-
dral bone (Figure 2.2)). If each of the fields is evaluated as 0, the
cartilage can be considered perfectly intact.
6.6.2 Uronic acid analysis
The uronic acid of the human articular cartilage samples (paper II),
indicating the proteoglycan content in tissue, was measured by Qu
et al. [101]. A piece of the cartilage sample was separated from
the subchondral bone. The piece was weighed, lyophilized and
weighed again to determine the water content. The dried sample
was further papain digested (1 mg / ml papain, Sigma, St. Louis,
MO, USA) in 150 mM sodium acetate, 50 mM Cys-HCl (Sigma), and
5 mM EDTA (Merck, Darmstadt, Germany), pH 6.5, for 24 hours at
60 oC [101]. The uronic acid was determined from the digest by
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Table 6.2: Histological-Histochemical Grading according to Mankin et al. [108].
Grade Grade
I. Structure III. Safranin-O staining
a. Normal 0 a. Normal 0
b. Surface irregularities 1 b. Slight reduction 1
c. Pannus and surface irregularities 2 c. Moderate reduction 2
d. Clefts to transitional zone 3 d. Several reduction 3
e. Clefts to radial zone 4 e. No dye noted 4
f. Clefts to calcified zone 5
g. Complete disorganization 6
II. Cells
a. Normal 0
b. Diffuse hypercellularity 1 IV. Tidemark integrity
c. Cloning 2 a. Intact 0
d. Hypocellularity 3 b. Crossed by blood vessels 1
measuring the absorbance at 520 nm [66].
6.6.3 Collagen analysis
In the papers III and IV the collagen and cross-links concentra-
tions of bovine articular cartilage samples were determined. Before
the analysis, the dried samples were acid hydrolyzed (6 M HCl,
24 hours), evaporated and dissolved into water. The collagen con-
centration was measured spectrophotometrically by assessing the
collagen specific amino acid, hydroxyproline [109].
The cross-links, hydroxylysyl pyridinoline (HP), lysyl pyridino-
line (LP) and pentosidine, were assessed using the high-performance
liquid chromatography (HPLC) [110]. The single reversed-phase
HPLC run through the analytical column (LiChroCART® 125-4 col-
umn, Merck KGaA, Darmstadt, Germany) was driven by Quater-
nary Gradient Pump unit (PU-2089 Plus, Jasco Scandinavia AB,
Mölndal, Sweden) and Intelligent Autosampler (AS-2057 Plus, Jasco).
In the other end of the analytical column, the cross-links were de-
tected based on their natural fluorescence (HP and LP: 295 / 400 nm
(excitation / emission), pentosidine: 328 / 378 nm) [46] by using
Intelligent Fluorescence Detector (FP-2020, Jasco). The HPLC data
was processed with Jasco Chrompass software (Jasco, Sweden).
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6.7 STATISTICAL ANALYSIS
The Pearson’s linear correlation analysis was used to relate the op-
tical parameters with the uronic acid content or dynamic modulus
in the paper II. In the case of non-normally distributed Mankin
scoring (paper II) and cross-link concentrations (papers III and IV)
the Spearman’s correlation analysis was used. The non-parametric
Wilcoxon signed rank test was applied to evaluate the statistical
significance between the groups of dependent samples (papers I
and III). For independent groups of samples (paper III), the Mann-
Whitney U-test was used, and for several independent groups in
the paper I the Kruskal-Wallis post hoc test was applied. The level
of significance was set at either p < 0.05 or p < 0.01. The statis-
tical analyses were conducted using SPSS (version 16.0, SPSS Inc.,
Chicago, Illinois) and MATLAB (R2009b and R2010a, MathWorks
Inc., Natick, Massachusetts).
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7 RESULTS
The reflectance was found to relate to articular cartilage 1) struc-
ture; i.e., Mankin scoring and surface irregularities; 2) composition,
i.e., collagen network degeneration, uronic acid content, and pento-
sidine and lysyl pyridinoline cross-links; and 3) dynamic modulus
(Table 7.1). Cartilage thickness did not correlate with the optical pa-
rameters of interest. The fluorescence was found relate to articular
cartilage pentosidine and lysyl pyridinoline cross-links.
7.1 CIELAB COORDINATE CHANGES IN CARTILAGE DE-
GENERATION
When analyzing the spontaneously degenerated human articular
cartilage, tissue degeneration (measured in Mankin score) was neg-
atively correlated with the L∗-coordinate in CIELAB color space
representing the brightness of the object color (Table 7.1). This was
consistent with the collagen network degeneration produced by en-
zyme treatment. After the treatment, the L∗-coordinate was signifi-
cantly smaller in comparison with that before treatment (Table 7.1).
Moreover, as smaller values in L∗-coordinate were observed, the
values of dynamic modulus decreased (Table 7.1). Consequently,
the L∗-coordinate decreased when the integrity of the cartilage was
compromised. However, the uronic acid content, indicating the pro-
teoglycan content in cartilage, had negative correlation with the L∗-
coordinate (Table 7.1).
The changes in a∗- and b∗-coordinates were logical, i.e., when
collagen network was degenerated or uronic acid concentration was
smaller, the a∗- and b∗-coordinates showed larger values (Table
7.1). Similarly, a statistically significant increase in a∗- and b∗-
coordinates was found as cross-links increased, as assessed by the
concentration of pentosidine and lysyl pyridinoline (Table 7.1).
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Table 7.1: The observed optical changes in articular cartilage. All the reference parameters
are related to CIELAB color space. Based on the analyses in the papers I – IV , the
main result of CIELAB, principal component analysis (PCA), fluorescence wavelengths
and reflectance wavelengths are presented. The r indicates the correlation coefficient and
p denotes the significance of the correlation. If the correlation was non-significant, it is
denoted as NS.
Reference method Optical method Main result Paper
STRUCTURE Mankin score CIELAB L∗ r = -0.35, p < 0.01 II
a∗ NS
b∗ NS
PCA Best projection r = -0.35, p < 0.01 II
Surface L∗ NS I
irregularity a∗ NS
b∗ NS
PCA Best projection Contrast enhance-
ment x 1.6 – 2.51
I
COMPOSITION Collagen network CIELAB L∗ Decrease, p < 0.05 I
degeneration a∗ Increase, p < 0.05
b∗ Increase, p < 0.05
PCA Best projection Increase I
Uronic acid CIELAB L∗ r = -0.48, p < 0.001 II
a∗ r = -0.58, p < 0.001
b∗ r = -0.37, p < 0.01
PCA Best projection r = 0.67, p < 0.001 II
Pentosidine CIELAB L∗ r = -0.55, p < 0.01 -
a∗ r = 0.78, p < 0.001
b∗ r = 0.84, p < 0.001
Fluorescence 240 / 325 nm r = -0.90, p < 0.001 III
Reflectance 470 / 720 nm r = 0.80, p < 0.001 2 IV
Lysyl CIELAB L∗ r = -0.50, p < 0.05 -
pyridinoline a∗ r = 0.61, p < 0.01
b∗ r = 0.69, p < 0.001
Fluorescence 235 / 285 nm r = -0.85, p < 0.001 III
Reflectance Norm. spectrum r = 0.79, p < 0.001 2 IV
MECHANICAL Thickness CIELAB L∗ NS 3 II
PROPERTIES a∗ NS 3
b∗ NS 3
PCA Best projection NS II
Dynamic CIELAB L∗ r = 0.36, p < 0.01 II
modulus a∗ NS
b∗ NS
PCA Best projection r = 0.51, p < 0.001 II
1 compared to the contrast in the best channel
2 between the estimates and real value
3 in paper I, for thin cartilage, the changes can be related to thickness
7.2 ADVANTAGES OF PRINCIPAL COMPONENT ANALYSIS
With principal component analysis (PCA) the spectra of the sam-
ples can be projected into space which optimizes the variance of
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the original data set. No projection is guaranteed to indicate an
optimal projection for any particular feature. Nevertheless, by care-
fully selecting the base vector, the projection performs equally or
better than any of the CIELAB coordinates (Table 7.1).
In the case of Mankin score, the L∗-coordinate and the best pro-
jection were both equally correlated (Table 7.1). For correlation with
uronic acid and dynamic modulus the PCA was superior (Table
7.1). Moreover, by using the PCA for the surface irregularities (pa-
per I), the contrast between grinding marks and intact cartilage was
effectively enhanced.
7.3 FLUORESCENCE AS A MARKER OF CROSS-LINKING
The cross-linking of bovine articular cartilage was artificially en-
hanced by threose incubation. Since the cross-links are known to
fluoresce, the excitation-emission matrices (EEMs) of the samples
were measured at the range of 220 – 950 nm (paper III). In the con-
trol samples, without the artificial accumulation of the cross-links,
the bovine articular cartilage had two clear fluorescence maxima.
Both of the fluorescences were excited in ultraviolet (UV) region
(see Figure 3.3) and their emission ranged from the UV to the blue
region of the spectrum.
For the threose treated cartilage, new fluorescence was found
in the visible range (excitation 350 – 620 nm). In contrast, the UV-
excited fluorescence was reduced more than 50%, as compared with
the controls. When relating the elements of the EEM to the refer-
ence measurements of the pentosidine and lysyl pyridinoline, the
new fluorescence was not found to correlate significantly. On the
contrary, the reduction of the fluorescence in UV region correlated
significantly with the cross-linking (Table 7.1).
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8 DISCUSSION
In the papers I – IV the optical reflectance and fluorescence prop-
erties of the articular cartilage were studied. The optical properties
were related to structure, composition and mechanical properties
of articular cartilage.
8.1 RELATIONSHIPS BETWEEN OPTICAL PROPERTIES AND
STRUCTURE OF ARTICULAR CARTILAGE
Structure of articular cartilage was studies using histological Mankin
scoring, representing the microstructural integrity, and by observ-
ing mechanically generated surface irregularities. From the CIELAB
coordinates only the L∗-coordinate, representing the brightness of
the color, was found to correlate significantly with the Mankin
score. The change in L∗ is consistent with the results by Ishimoto
et al. [38], however, in their study the relation for a∗-coordinate was
also significant. This discrepancy can be explained by the difference
between the studied groups. In our study (paper II) the samples
were mainly of grade 1 – 6 whereas Ishimoto et al. [38] had sam-
ples of all grades 0 – 14. The a∗-coordinate increases dramatically
in severe osteoarthritic cartilage (for the grades larger than six [38]).
This is consistent with the fact that the positive a∗-coordinate rep-
resents the redness. Obviously, it is related to the blood and bone
marrow of subchondral bone [36, 37].
The principal component analysis can be used to effectively vi-
sualize the grinding marks on the cartilage surface. The CIELAB
changes for the mechanically degraded cartilage surface were not
significant. The mean spectra before and after the treatment showed
no differences either (paper I). However, the projection to a care-
fully selected eigenvector improved 1.6 – 2.5 times the visual con-
trast of the grinding marks compared to the best single channel
image. In the Mankin score, the ”surface irregularities” is one of
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the first stages of structural defects. Thus, their effective in vivo di-
agnosis can be beneficial. The paper I is the first study to utilize
reflectance spectral imaging in studies of articular cartilage. The
present result in the contrast enhancement is an example of how
imaging-based spectral measurements may provide more informa-
tion on the cartilage integrity.
8.2 RELATIONSHIPS BETWEEN OPTICAL PROPERTIES AND
COMPOSITION OF ARTICULAR CARTILAGE
A reduction of uronic acid content, related to proteoglycans, and ac-
cumulation of pentosidine cross-links may be considered as harm-
ful alterations in articular cartilage. Interestingly, the uronic acid
content correlated negatively with all the CIELAB coordinates whe-
reas the accumulation of cross-links correlated positively with a∗-
and b∗-coordinates. For thick, intact cartilage the a∗- and b∗-coor-
dinates are small (paper I) and the increase, i.e. a color change
towards yellowish and reddish, suggest for a defect in cartilage
composition.
In addition to reflectance related changes, the accumulation of
cross-links was assessed based on the fluorescence. The newly har-
vested bovine articular cartilage exhibited two clear fluorescence
maxima, similarly as in human articular cartilage [111]. After the
cross-link accumulation, the new fluorescence, typical of advanced
glycation end products (AGEs) [47], was observed in visible range.
The new fluorescence was not related to pentosidine. Instead, the
decrease of the UV band fluorescence was related to pentosidine.
The decrease is hypotized (paper III) to rise from the UV-range ab-
sorption of the pentosidine [112], however, the pentosidine related
changes are inseparable from the lysyl pyridinoline related ones
(paper III).
The amount of pentosidine in our samples (5.067 mmol / mol
of collagen, paper III) was relatively low, it corresponds to that
of 20 – 30-years-old human cartilage [113]. This suggests that the
present method for observing the reduction of fluorescence can be
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an indicator of cartilage cross-linking.
In addition to cross-linking and uronic acid studies, the reflect-
ance spectra, before and after an enzymatic degeneration the col-
lagen network, were compared. The enzyme treatment resulted
in decrease in L∗-coordinate and increase in a∗- and b∗-coordinates.
Spectrally, the difference was a clear decrease in reflectance at wave-
lengths below 600 nm. Since the treatment in use can also affect
cartilage thickness [114], longer treatment times led to character-
istic blood absorptions (below 450 nm and around 550 nm) [34],
affecting the reflectance spectra (paper I).
8.3 RELATIONSHIPS BETWEEN OPTICAL PROPERTIES AND
MECHANICAL PROPERTIES OF ARTICULAR CARTILAGE
In addition to the optical information being indicative to tissue
structure and composition, it was found to be related to cartilage
dynamic modulus. The dynamic modulus is significantly controlled
by the collagen network [75]. Degenerative changes in tissue struc-
ture and composition decrease the dynamic modulus. These changes
also influence the optical parameters. For example, the correlation
between L∗-coordinate and Mankin score are consistent with the
correlation between L∗-coordinate and dynamic modulus. The L∗-
coordinate decreases as cartilage degenerates.
In this study, the optical parameters were not significantly re-
lated to cartilage thickness. Estimation of tissue thickness in thin
cartilage is relatively straight forward [34]. The estimated pene-
tration depth of light at 350 – 850 nm to articular cartilage is 0.6
– 3 mm [92]. Thus, assessment of thickness is not feasible in car-
tilage thicker than 1.5 mm [35]. However, this is beneficial when
observing the true material parameters of a full depth cartilage (hu-
man typically thicker than 1.9 mm [24, 62], bovine patella typically
thicker than 1.6 mm [62, 63]). The absorption of the subchondral
bone has only a minor effect on the measurement.
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8.4 SUMMARY
In summary, the optical reflectance and fluorescence were found to
be related to articular cartilage structure, composition and biome-
chanical properties. Later, these results may be further developed to
clinical arthroscopic surgery to achieve more objective data of the
joint condition. Even though the methods needs to be optimized
for in vivo human samples, the application can be rather straight
forward. The fluorescence assessment is realizable by monochro-
matic illumination and imaging either narrow (single emission) or
wide band (sum of emissions). However, since the presented fluo-
rescence based assessment of the cross-links operates at UV range
below 250 nm, the application can be challenging (special materials
needed and a radiation hazard). On the other hand, the CIELAB
coordinates can be calculated from a camera response of a common
video arthroscope and the projections of the presented PCA base
vectors can be imaged in real time by modifying the light source.
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9 CONCLUSIONS
In this doctoral thesis, structure, composition and mechanical prop-
erties of articular cartilage were investigated using optical assess-
ment. The main conclusions, based on the results of the papers I –
IV, are summarized as follows:
1. Cartilage histological structure (Mankin score), was related to
the reflectance mainly through the brightness of the color pre-
sented by the L∗-coordinate in CIELAB space. For the Mankin
score, the principal component analysis (PCA) was not found
to improve the results. On the other hand, the irregularities
in the cartilage surface were better visualized by using PCA.
2. Proteoglycan content in articular cartilage correlated nega-
tively to all three coordinates of the CIELAB color space.
3. The cross-links concentrations, namely pentosidine and lysyl
pyridinoline, were related to the CIELAB color space. More-
over, the cross-links concentration was accompanied with the
reduction of fluorescence in the ultraviolet region.
4. Dynamic modulus, a mechanical property related to func-
tional competence of articular cartilage, was related to L∗-
coordinate and the correlation were improved by using PCA.
In summary, the studies in this doctoral thesis imply that the
reflectance and fluorescence based optical methods have yet un-
tapped potential in cartilage research. After further development,
the presented methods may be applied in arthroscopy by modifying
ordinary clinical arthroscope or even by adding more data analysis
for the camera information of a video arthroscope.
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